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Abstract
In response to bacterial contamination in the Meduxnekeag River and the desire to manage the watershed to reduce contaminant sources, the Houlton Band of Maliseet Indians (HBMI) and the U.S. Geological Survey began a cooperative effort to establish a baseline of water-quality data that can be used in future studies and to indicate potential sources of nutrient and bacterial contamination. This study was conducted during the summer of 2005 in the Meduxnekeag River Basin near Houlton, Maine. Continuously recorded specific conductance can be a good indicator for water quality. Specific conductance increased downstream from the town of Houlton, between runoff events, and decreased sharply following major runoff events. Collections of discrete samples during the summer of 2005 indicated seasonal positive concentration-discharge relations for total phosphorus and total nitrogen; these results indicate that storm runoff may mobilize and transport these nutrients from the terrestrial environment to the river. Data collected by the HBMI on fecal coliform bacteria indicated that bacterial contamination enters the Meduxnekeag River from multiple paths including tributaries and surface drains (ditches) in developed areas in Houlton, Maine. The Houlton wastewater treatment discharge was not an important source of bacterial contamination.
Bacteroidales-based tests for general fecal contamination (Bac32 marker) were predominantly positive in samples that had excessive fecal contamination as indicated by Enterococci density greater than 104 colony-forming units per 100 millilters. Of the 22 samples tested for Bacteroidales-based markers of human-associated fecal contamination (HF134 and HF183), 8 were positive. Of the 22 samples tested for Bacteroidales-based markers of ruminant-associated fecal contamination (CF128 and CF193), 7 were positive. Human fecal contamination was detected consistently at two sites 1 U.S. Geological Survey.
2 Battelle Memorial Institute, Columbus, Ohio.
3 Houlton Band of Maliseet Indians.
(surface drains in urban areas in the town of Houlton) and occasionally detected at one site (Moose Brook) but was not detected at other sites. Fecal contamination (as indicated by fecal coliform density) apparently is localized under normal flow conditions with the highest levels restricted to drains in urban areas and to a lesser extent B Stream, Pearce Brook, and Big Brook, all tributaries to the main stem of the Meduxnekeag River. Coliphage were enumerated as an alternate indicator of fecal contamination with the intent of typing the virus into host-associated classes (human or ruminant), as was done for Enterococci; however, insufficient coliphage were isolated to provide more than preliminary indications. In spite of low coliphage enumeration, the preliminary results strengthen the conclusion that the Enterococci data correctly indicated the samples that contained human and ruminant fecal contamination. The finding that contamination was in many of the tributaries following storms in mid-July indicates that storm runoff likely carries fecal contaminants to more locations than runoff under lower flow conditions.
Introduction
Water quality in the Meduxnekeag River, as in the rest of the United States, is affected by both point and nonpoint sources associated with agricultural (through runoff from livestock waste and animal feedlots, erosion, and pesticides), urban commercial and residential (through stormwater runoff and sewer overflow), rural residential (wildlife and leachate from septic systems), and industrial (through wastewater and thermal effects) land use. Bacterial contamination is most closely associated with development and is lowest in the upper reaches of forested watersheds. Sediment, nutrients, and organic compounds from agricultural, urban, and industrial land uses are likely mobilized during seasonal periods of high runoff. The assessment of contaminants in receiving waters can provide information about the nature, magnitude, and scope of the surface-water contamination and direct local managers toward possible methods of mitigation (Dombek and others, 2000 ; U.S. Environmental Protection Agency, 2000).
Surface water contaminated with fecal-derived pathogens continues to be a widespread problem in the U.S. despite the goal that waters be "fishable and swimmable" as stated in the 1972 Clean Water Act (U.S. Environmental Protection Agency, 2000) . Waters contaminated by fecal coliform bacteria (fecal coliforms) may create negative social and economic consequences for communities through the loss of potable water and recreational activities (U.S. Environmental Protection Agency, 2000). Because contamination of surface waters by fecal coliforms is a threat to human health, water bodies are required to meet criteria for the concentrations of fecal coliform indicator organisms, a category which includes Escherichia coli, Clostridium perfringens, and fecal Streptococci and Enterococci (U.S. Environmental Protection Agency, 2002a). The most common contaminant in streams and rivers throughout the U.S. is fecal coliforms at concentrations that exceed U.S. Environmental Protection Agency (USEPA) criteria (U.S. Environmental Protection Agency, 2002b). Waters contaminated with human and animal feces pose an elevated human health risk because of the likely presence of human-specific enteric pathogens such as Salmonella enterica serovar Typhi, Shigella spp., hepatitis A virus, and Norwalk-group viruses; and animal-specific enteric pathogens such as serotypes of Salmonella, Escherichia coli, and Cryptosporidium spp. (Scott and others, 2002) .
Although fecal coliform contamination of surface waters is attributable to both point and nonpoint sources, contamination from nonpoint sources has surpassed that from industrial and municipal point sources in the U.S. (U.S. Environmental Protection Agency, 1990 Agency, , 1996 Agency, , 2003 Agency, , 2005 . Multiple and changing demands on land use in watersheds has made it difficult to identify and quantify nonpoint sources of pollution; this challenging problem can create conflict between groups having different interests in a particular water resource (Meays and others, 2004) .
Waterborne pathogens, including viruses, are difficult to detect and quantify; consequently, several methods for monitoring fecal indicator bacteria (FIB) as proxies for the presence of pathogens have been developed. These molecular, biochemical, and chemical methods can be divided into culture-based and culture-independent methods; some methods are further categorized as "library-dependent" or "library-independent" (Simpson and others, 2002; Meays and others, 2004; Field and Samadpour, 2007; Stoeckel and Harwood, 2007) . Because performance and validation criteria differ among the methods, no single standard method for bacterial-source tracking (BST) has yet been adopted for use in laboratory or field studies (Meays and others, 2004; Stoeckel and Harwood, 2007) . The choice of an appropriate BST method and study design might logically be based not only on the ecological setting of the affected water resource but also on the specific type of FIB monitoring needed, an assessment of exposure and health risk, and other objectives of the investigation (Simpson and others, 2002; Meays and others, 2004; Stoeckel and Harwood, 2007) . Although the presence of some FIB can be poorly correlated with specific pathogenic species or viruses (Meays and others, 2004; Field and Samadpour, 2007) , the presence of fecal coliforms, nonetheless, is a likely indicator that some type of fecal contamination is present (Meays and others, 2004) . Contaminant mitigation, in large part, depends on determining the nature and source of the contamination.
In response to bacterial contamination in the Meduxnekeag River and the desire to mitigate contaminant sources in the watershed, the Houlton Band of Maliseet Indians (HBMI) and the U.S. Geological Survey (USGS) began a cooperative effort to identify potential sources of bacterial contamination to the Meduxnekeag River near Houlton, Maine. This study was conducted during the summer of 2005 in the Meduxnekeag River basin near Houlton, Maine ( fig. 1 ).
Purpose and Scope
This report presents information on the distribution and potential source(s) of fecal coliform bacteria and nutrient contaminants and provides water-quality and bacteria-source tracking (BST) information for the Meduxnekeag River near Houlton, Maine during the 2005 growing season (June through September). The report also describes results from water-quality, bacterial-count, and bacteria-source sampling at 19 locations on the main stem of the Meduxnekeag River upstream and downstream of the town of Houlton and its wastewater discharge point and on tributaries receiving runoff from areas of different land uses. Data collected by the HBMI during a longer time period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) on fecal coliform bacterial density distributions are also presented to place the data from the more intensively studied 2005 summer season in a broader temporal context. These data serve three purposes: (1) to establish a baseline of water-quality data that can be used in future studies, (2) to indicate the response of certain water-quality parameters to changing flow conditions during the summer of 2005, and (3) to indicate potential sources of nutrient and bacterial contamination.
Previous Investigations
The HBMI has been actively involved in land-and water-resource management programs to improve the quality of water in the Meduxnekeag River watershed. During the past 15 years, the HBMI has observed seasonal diminished waterquality conditions in the Meduxnekeag River and in some of its tributaries near Houlton, Maine. Water-quality impairment has included high sediment loads during runoff, seasonal episodic filamentous algal blooms, elevated concentrations of fecal-coliform bacteria and inorganic nutrients, and low dissolved oxygen concentrations (unpublished data on file with the HBMI). 
Basin boundary Houlton
Fish-consumption advisories have been issued for the Meduxnekeag River because of elevated levels of the pesticide dichloro-diphenyl-trichloroethane (DDT) in fish tissue (Maine Department of Environmental Protection, 2002) and for all Maine rivers because of elevated levels of mercury in fish tissue (Maine Department of Environmental Protection, 1998b) . Nuisance algal growth downstream from the Houlton Water Company wastewater discharge point (WWDP) was documented in the mid-1990s to be a result of high concentrations of phosphorus; thus, a total maximum daily load (TMDL) standard for total phosphorus was subsequently established (Maine Department of Environmental Protection, 2000) .
In a 2003 study, seasonal concentrations of nutrients (nitrogen and phosphorus), organic compounds, and mercury in the surface water and bed sediments of Meduxnekeag River were measured; and the possible role of streambed sediment as a source of nutrients to surface water during summer periods of low flow was investigated. Sediments in general were difficult to find because of the rocky nature of the Meduxnekeag River streambed; sediments that were collected were found to be shallow and sandy, containing little organic matter (Schalk and Tornes, 2005) . Concentrations of phosphorus in bed sediment were less than 700 milligrams per kilogram (mg/kg) in all samples. Phosphorus was not detected or was at concentrations below the reporting limit (40 mg/kg) in most surface-water samples, whereas nitrate was detected in every surface-water sample at concentrations greater than the reporting limit but less than or equal to 0.50 milligram per liter (mg/L). On the basis of flow percentages and drainage areas, instantaneous nitrogen loads during two medium-to high-flow events were disproportionately higher in the part of the watershed that is downstream from streamgage 01018000 ( fig. 2 ) and includes the town of Houlton and its WWDP than in other parts of the watershed (Schalk and Tornes, 2005) .
Relations among nutrient concentrations, nutrient sources, and algal growth in the Meduxnekeag River watershed were investigated during the summers of 2004 and 2005 (Fretwell, 2006) . Although nutrient concentrations were low, mean concentrations of nitrate and total phosphorus increased with distance downstream during both summers. Mean nutrient concentrations spiked at sampling sites downstream from substantial inflows, such as the confluence of the South Branch, which transports runoff from a watershed with predominantly agricultural land use, and the Houlton WWDP. Mean concentrations of dissolved reactive phosphorus (orthophosphate) were below the minimum reporting limit (1.0 micrograms per liter (µg/L)) at all sites except those just downstream from the Houlton WWDP ( fig. 2) . The primary source of nitrate was agricultural areas, whereas the primary source of phosphorus was the Houlton WWDP (Fretwell, 2006) .
A follow-up study examined the use of a dualstreamgage, whole-stream metabolism model (WSMP, Bales and Nardi, 2007) to identify factors regulating algal growth and predict primary productivity in the river (Goldstein and others, 2009) . A near-linear decrease in net primary production (NPP) was observed from upstream reaches to downstream reaches. Mean daily temperature and pH were consistent throughout all reaches; however, specific conductance, a conservative indicator of external aqueous inputs, increased in the reaches downstream from the Houlton WWDP. A possible explanation for the decrease in NPP was inputs of organic matter and nutrients from urban agricultural and wastetreatment sources (Goldstein and others, 2009 ).
Because of concerns about possible contamination from fecal coliform, the HBMI began a sampling program at several surface-water streamgages on the Meduxnekeag River in 1998 ( fig. 2 ). Preliminary results from these studies confirmed fecal coliform contamination at some of these locations (unpublished data on file with the HBMI). The source of the bacterial contamination was unknown, although likely sources included humans (from septage), wildlife, domesticated animals, and livestock (from agricultural operations).
Description of Study Area
The Meduxnekeag River, which is in southeastern Aroostook County in northern Maine, drains 516 square miles (mi 2 ) ( fig. 1 ) at its confluence with the St. John River in New Brunswick, Canada. The river begins at Meduxnekeag Lake, 8 miles (mi) west of the town of Houlton, Maine. The South Branch joins the Meduxnekeag River near Houlton where the river turns north-northeast, flowing for approximately 10 mi before it crosses the U.S.-Canadian border and then to its confluence with the St. John River. Near Houlton, Maine, at the most downstream point where streamflow is measured by the USGS (streamgage 01018035), the drainage area is 257 mi 2 ( fig. 2) . At the U.S.-Canadian border, the Meduxnekeag River has a drainage area of 289 mi 2 (Fontaine and others, 1982) . The length of the river is 67 mi, and the total length of the tributaries is 290 mi. The upstream areas of the watershed include many small lakes at a higher elevation than the agricultural land ( fig. 3) .
Northeastern Maine is characterized by cold winters and short, warm summers. The growing season lasts 100 to 125 days. Average annual precipitation is about 39 inches (in.). (National Oceanic and Atmospheric Administration, 2002) , which includes the water equivalent of 95 in. of snow. Average temperatures range from 12 °F in January to 68 °F in July. Although precipitation is distributed fairly evenly throughout the year, most of the annual streamflow occurs during the spring snowmelt period and before evapotranspiration increases following leafout. Snowmelt runoff has been observed to cause severe erosion in late winter and early spring (Southern Aroostook County Soil and Water Conservation District, 1993) . Occasional large summer and fall storms can also result in substantial amounts of runoff and erosion. The USGS maintains three streamflow-gaging stations (or streamgages) in the study area (table 1, fig. 2 ). Streamgage 01017960, the most upstream streamgage, was established in 2003 in cooperation with Maine Department of Environmental Protection, Town of Houlton, and the Tate and Lyle Company, above the confluence of the main stem of the Meduxnekeag River and the South Branch. This streamgage is about 2 mi upstream from the town of Houlton, and the watersheds of its major tributaries Mill Stream and Mill Brook are primarily forested (figs. 1, 3). Long-term streamflow statistics for this streamgage were not calculated at this upstream site because of the short period of record. Streamgage 01018000, Meduxnekeag River near Houlton, was active from 1940 to 1982. During this time period, rating curves were established, and periodic measurements of water temperature, specific conductance, and streamflow were made. Streamgage 01018000 was reactivated in 2003, in cooperation with the HBMI, for additional streamflow measurements and water-quality monitoring. Streamflow records from these streamgages were used to quantify streamflow in the Meduxnekeag River above the town of Houlton and allowed estimation of flow from South Branch but did not include flow from other downstream tributaries to the Meduxnekeag River. A third streamgage (the most downstream streamgage in the study area) was established in cooperation with the HBMI at Lowery Road (USGS streamgage 01018035) during the summer of 2005 ( fig. 2 ). Streamflow measurements were made at 2 locations, Meduxnekeag River at Porter Settlement Road (USGS streamgage 01017970) and B Stream at Houlton (USGS streamgage 01018010), although continuous streamflow data were not collected at these locations (table 1) . A typical annual hydrograph of flow at streamgage 01018000 is dominated by high spring runoff (late March to the middle of May) with relatively low flows during most of the rest of the year. Autumn rains can cause secondary peaks in October and November.
One town ( Most agricultural fields are irrigated by withdrawals from the Meduxnekeag River and impoundments on the river (Matthew Williams, University of Maine Extension, written commun., 2004). The demand for irrigation water, however, puts stress on aquatic habitat during low-flow periods (Aroostook Water and Soil Management Board, 1996) . Land cover in the Meduxnekeag River watershed upstream from streamgage 01018000 near Houlton is primarily forest with smaller amounts of agriculture ( fig. 2, 3) . Forests cover about 79 percent of the watershed; The thickness of unconsolidated deposits in the Meduxnekeag River watershed is variable. In general, the overburden is calcareous till derived from weathered bedrock (Thompson and Borns, 1985) . Much of the soil is classified as highly erodible or potentially highly erodible (Arno, 1964 , U.S. Department of Agriculture, 1994) . Most of the arable soils are in agricultural production, and the steep, stony, and poorly drained soils are in forests (Arno, 1964) . Land surface is rolling, with hills reaching elevations of 200 to 500 feet (ft) above valley floors (Culbertson and others, 2013) .
Data and Sample Collection
Measurements of water temperature, dissolved oxygen, pH, and specific conductance were made at sites along a 10-mi transect of the Meduxnekeag River near Houlton, Maine during the summer of 2005. Water-quality-sampling (including bacteria) locations in the Meduxnekeag River watershed included several main-stem sites upstream and downstream from the town of Houlton and tributaries ( fig. 2 , table 1). Surface grab samples were collected at all sites with the exception of USGS streamgage 01018012 ( fig. 2) , where some of the samples were collected with an automatic stage-activated sampler. The intake for the automatic sampler was placed near the water level monitoring location which was about 7 centimeters (cm) above the stream bottom and about 150 cm from the shoreline during summer lowflow conditions.
In Situ Water-Quality Parameters
In situ measurements of water temperature, pH, specific conductance, and dissolved oxygen were measured continuously by use of YSI 600XL multiparameter probes installed at three streamgages in the Meduxnekeag River watershed ( fig. 1) . One of these probes was collocated with the sample-intake line of the automatic sampler deployed in Houlton at USGS streamgage 01018000. The other probes were placed at streamgages 01018035 and 01017960 ( fig. 2 ).
Nutrient Analyses
All samples collected for water-quality analysis were either filtered through a 0.45-micrometer (µm) Supor capsule filter or collected unfiltered, depending on the analyte. All samples were preserved according to USGS National Water Quality Laboratory (NWQL) protocols and kept on ice prior to shipment to the NWQL. All nutrient and inorganic laboratory analyses were done by the NWQL, and the results of these analyses were recorded in the National Water Information System (NWIS) database 1 . Samples were shipped on ice to the NWQL within 12-24 hours of collection. Samples were analyzed for dissolved inorganic nutrients (nitrate plus nitrite, nitrite, ammonium ion 2 , and orthophosphate), total phosphorus, total and dissolved organic nitrogen, and dissolved organic carbon (table 2).
1 Standard NWQL analytical methods were used for all analyses (Fishman, 1993) . Throughout this report, the notation "dissolved" in reference to laboratory-determined concentrations of analytes is identical to the notation "filtered" used in tables in this report in reference to NWQL analytes.
2 Reported as ammonia. Dissolved organic nitrogen was not measured directly; it was estimated as total nitrogen (NWQL parameter code P62854) minus nitrite plus nitrate (NWQL parameter code P00631) and minus ammonia (NWQL parameter code P00608).
Sampling and Analysis of FecalIndicator Bacteria
Water samples were collected for measurement of fecal coliform density according to the procedures described by Bordner and others (1978) . The HBMI sampled the Meduxnekeag River at numerous sites downstream from the outlet of Meduxnekeag Lake ( fig. 1) 
Bacterial-Source Analysis and Identification
Forty-four water samples collected from June through September 2005 for bacterial-source identification were sent to the OWML for enumeration of somatic coliphage; enumeration and isolation of F-specific ribonucleic acid (RNA) coliphage; enumeration and enrichment of Enterococci; detection of the human-associated esp marker in Enterococcus faecium; and detection of general fecal (Bac32), humanassociated (HF134 and HF183), and ruminant-associated (CF128 and CF193) markers in anaerobic gut bacteria of the order Bacteroidales. The techniques and methods used in microbial-source tracking have been previously described (Stoeckel, 2005) . In this study, coliphage were enumerated as an alternate indicator of fecal contamination according to USEPA method 1602 (U.S. Environmental Protection Agency, 2001). The goal of analyzing for coliphage was to type the virus into host-associated classes (as in Hsu and others, 1995) ; however, insufficient coliphage were isolated to justify anything more than a preliminary classification. Enumeration of Enterococci was done on mEI agar according to USEPA method 1600 (U.S. Environmental Protection Agency, 2002c). Single filters that held 100 or more Enterococci colonies were enriched according to the procedure in Scott and others (2005) . If 100 or more Enterococci colonies were not available on a single filter, all filters for that sample were combined to create a single enrichment, and the total number of colonies was recorded.
Deoxyribonucleic acid (DNA) from Enterococci enrichment cultures was extracted and tested by polymerase chain reaction (PCR) for the human-associated esp marker (Scott and others, 2005) . For analysis of Bacteroidales-based host-associated markers, a 100-mL sample was filtered through a 0.45-µm cellulose acetate filter. DNA was extracted from the filters with MoBio (Hayward, California) DNA extraction kits and quantified by a PicoGreen (Molecular Probes (Invitrogen), Carlsbad, Calif.) protocol. DNA extracts were tested for the presence of human-specific Bacteroides markers HF134 and HF183 and ruminant-specific Bacteroides markers CF128 and CF193 by using the protocols reported by Bernhard and Field (2000) . Enumeration and sample stabilization (DNA extraction and freezing) were done on all samples. All samples for PCR analysis were separated and analyzed by an Agilent Bioanalyzer (Agilent Technologies, Inc., Santa Clara, Calif.). The 22 samples were analyzed as part of larger PCR runs that included other test samples and several types of quality-control samples. Matrix spikes were run in parallel with each environmental test sample by adding 1 microliter (µL) of positive-control DNA for each reaction to the matrix-spike PCR master mix. In each case, the matrix spike showed detection of the target DNA.
Physical, Chemical, and Nutrient Attributes
Continuous water-quality parameters of water temperature, dissolved oxygen, pH, and specific conductance were monitored during June through September 2005 at several sites on the Meduxnekeag River upstream and downstream from the town of Houlton and the Houlton WWDP. Several summer storm events occurred during this monitoring period and are compared.
Daily rainfall and temperature records were assembled from digital records maintained by the National Oceanic and Atmospheric Administration's National Climatic Data Center (NOAA-NCDC), 2005, for the weather station Houlton 5N Station ID 173944 at Houlton, Maine (elevation 118.9 m, latitude/longitude 46°12'N / 67°50'W).
Stream-discharge data were obtained from USGS digital data files for Meduxnekeag River stations 01017960 (above South Branch; the most upstream station), 01018000 (at Houlton; historic station), and 01018035 (at Lowery Road the most downstream station).
In Situ Characteristics
Water-quality values measured by the in situ monitors upstream and downstream from the town of Houlton and the Houlton WWDP were consistent (table 4). The storms generating the largest runoff occurred in mid-June, midJuly, mid-August, and early and mid-September (monthly rainfall reports for Station ID 173944 at Houlton, Maine, from the National Oceanic and Atmospheric Administration, 2005; stream-discharge data from the USGS National Water Information System) (figs. 4A, B). Water temperature varied from a low of 12 °C following the storm in mid-June to a high of 30 °C in mid-July and early August before gradually declining to about 12 °C at the end of September ( fig. 5A ).
Dissolved oxygen (DO) concentrations remained between about 7 and 12 mg/L at all three sites (01017960, 01018000, and 01018035) throughout the season with diurnal variation in the range of 2 to 4 mg/L ( fig. 5B ). During periods of four to five days following the largest runoff events in late August and mid-September, diurnal variation in DO concentrations was reduced to less than 1 mg/L. DO was generally lower at site 01017960 during most of the summer than at site 01018035. During the periods of the summer when water temperature was warmest, July 17 to 24 and August 7 to 18, dissolved oxygen was highest at site 01018035 (figs. 5A, B). There were moderate variations in pH among sites or over time (range = 7.3 to 8.7) with the greatest shifts (~ 0.5 pH unit decrease) occurring during the largest runoff events in late August and mid-September at all three sites ( fig. 5C ).
The biggest difference in water-quality parameters among sites was observed for specific conductance, which was substantially higher at site 01018035 than at sites fig. 5D ). Specific conductance at site 01018035 also varied over the widest range from 123 to 328 microsiemens per centimeter (µS/cm). Specific conductance increased gradually at all three sites as streamflows declined (from August 4 to 19) and decreased rapidly during major runoff events (for example, August 30 to September 5). Absolute increases in specific conductance during periods of declining flows were greatest at site 01018035, intermediate at site 01018000, and least at site 01017960 ( fig. 5D ).
Few differences were observed between water-quality values continuously measured immediately above (01018022) and below (01018025) the Houlton WWDP ( fig. 6 ). Specific conductance was somewhat higher (by less than 10 percent) downstream from the WWDP in August until the major runoff event, during and after which specific conductance was similar at these two sites ( fig. 6 ). For the period of overlapping record in August 2005 prior to the runoff event, specific conductance upstream and downstream from the WWDP was consistently higher than it was at 01018000 (figs. 5D, 6) and about the same as that at 01018035. Specific conductance increased more between sites 01017960 and 01018022 than it did between sites 01018022 and 01018035; specific conductance at site 01018022 immediately upstream from the WWDP differs by only 10 percent or less from the specific conductance at sites 01018025 and 01018035.
Discrete Nutrient Characteristics
In addition to routine nutrient sampling, event-oriented nutrient sampling of phosphorus and nitrogen was conducted during the summer of 2005, and results were compared. Total phosphorus concentrations were low and fairly constant (range = 0.01 to 0.015 mg/L) during June through the beginning of August in samples collected at site 01018000, even after a storm event on June 2, 2005, when the streamflow was greater than 300 cubic feet per second (ft 3 /s) ( fig.7, streamflow reached 333 ft 3 /s during the second storm and concentrations of total phosphorus varied from 0.012 to 0.021 mg/L ( fig. 7) . These data indicate a seasonal positive concentration-streamflow relation for total phosphorus. Concentrations of total phosphorus did not vary consistently through time or with increasing drainage area for sites 01018000, 01018022, and 01018035 ( fig. 7) . The majority of the phosphorus was in the orthophosphate fraction (table 4).
Total nitrogen concentrations followed a pattern similar to the pattern for total phosphorus (figs. 7-8). Total nitrogen concentrations were fairly constant, in the range of 0.39 to 0.47 mg/L, during June through mid-July and increased from 0.52 to 0.76 mg/L at site 01018000 during the two late summer storms. The relatively high concentrations of total nitrogen recorded for August 10 and 11 were not associated with a runoff event. Concentrations of total nitrogen in the Meduxnekeag River tended to increase from June through August and to increase more with increasing drainage area ( fig. 8) . For station 01018000, concentrations of total nitrogen increased between 31 and 57 percent from June through September. Concentrations of total nitrogen were higher at site 01018035 than at sites 01018000 and 01018022. In almost all samples, minimal concentrations of nitrate, nitrite, or ammonium were detected, indicating that organic nitrogen was the dominant form of nitrogen in the system (table 4).
Distribution and Source of Fecal Indicator Bacteria
Samples for analysis of fecal indicator bacteria were collected by the HBMI from 1998 through 2005 in a twentymile reach of the Meduxnekeag River above and below the town of Houlton and the Houlton WWDP. Samples for fecal indicator bacteria distribution and source were collected by the USGS in 2005 in a 10-mile section of the river above and below the town of Houlton and the Houlton WWDP. fig. 9D ). Fecal coliform densities measured in samples collected from June through September 2001 from tributaries to the Meduxnekeag River yielded consistent results. When upstream and downstream samples were collected on a specific tributary during that period, fecal coliform densities were usually higher at downstream sites (those closer to the confluence with the Meduxnekeag River) than at upstream sites ( fig. 10 ). The exceptions were Cook Brook and Jimmy Brook, where fecal coliform densities were higher in upstream than in downstream samples. Notably, there is an airport in the upper part of the Cook Brook watershed. Differences in land cover between upstream and downstream parts of watersheds might also be a factor.
Fecal-Indicator Bacterial Densities
3 Forested land, a predominant land cover in the upper parts of the basins, may contribute fewer fecal coliform bacteria than agricultural or developed land in the lower parts of the basins; this may be the case for Pearce Brook, Smith Brook, Big Brook, B Stream, and Moose Brook watersheds ( figs. 1, 3) . Clark and Gamper (2003) found that fecal-indicator bacteria densities were related to land cover in a study of the Wind River, Bighorn River, and Goose Creek basins in Wyoming. In their study, the highest median densities of fecalindicator bacteria were measured in samples from sites with an urban land cover, intermediate densities were associated with agricultural land cover, and the lowest densities were associated with forested sites. Lower Pearce Brook stands out as having higher fecal coliform densities than other parts of tributaries, including upper Pearce Brook ( fig. 10) . Most of the area of the town of Houlton and a substantial amount of agricultural land is in the lower part of the Pearce Brook drainage basin ( fig. 1, 3) . The upper Pearce Brook drainage basin includes agricultural land in the southeastern part and forest and wetlands in the southwestern part ( fig. 3) . The fact that lower Big Brook did not have higher fecal coliform bacterial densities than some other tributaries is somewhat surprising given the predominance of agricultural land in the Big Brook drainage basin. Specific conductance increased from site 01018000 to site 01018025 and remained high downstream from that point (01018035) (figs. 5D, 6), but fecal coliform bacterial densities peaked at the urban site near downtown Houlton (RM 14.7) and immediately downstream from the Houlton WWDP (RM 16.4) and decreased consistently downstream from that point to RM 18.9 at the Lowery Road Bridge near 01018035 ( fig. 9A ). This result suggests that the factors responsible for the increase in specific conductance are not closely related to those responsible for fecal coliform bacterial contamination in this reach of the Meduxnekeag River. Notably, Clark and Gamper (2003) also found that increased fecal-indicator bacterial densities were not related to specific conductance in three river basins in Wyoming.
The samples collected by the HBMI from 1998 through 2005 at RM 14.7 downstream from the urban area of Houlton had lower median fecal coliform bacterial densities than those collected on many rivers in Maine that were sampled as part of the USGS National Stream Quality Accounting Network program (Alexander and others, 1996) from 1976 through 1994 ( fig. 11 ). Fecal coliform contamination was substantially higher in larger rivers having more development in areas upstream from sampling locations than in the Meduxnekeag River at RM 14.7 ( fig. 11 ). For these other Maine rivers, as for the Meduxnekeag River and selected tributaries to the Meduxnekeag River, fecal coliform contamination increased from low levels in upstream locations (for example, at Bingham on the Kennebec River; and Gilead on the Wild River, which flows into the Androscoggin River) to substantially higher levels in downstream locations ( fig. 11 ). Decreases in fecal coliform contamination in some major rivers in the United States (although not in Maine) from 1974 to 1981 were related to improvements in municipal wastewater treatment (Smith and Alexander, 1982; Smith and others, 1987) .
Bacterial-Source Identification
According to the design of the study, 22 of 44 samples were tested for bacterial-source tracking (BST) markers; the remaining 22 samples were not tested based on low fecal coliform densities in the whole-water samples. Out of the 22 samples tested, 18 samples were selected based on (1) high fecal coliform densities in the whole-water sample, (2) a pattern of high fecal coliform densities at that particular site, or (3) a pattern of high fecal coliform densities on that date. In addition to the 18 environmental samples, 4 other samples were analyzed for BST: 1 field blank, 1 negative-control sample (horse reference feces from the study area), and 2 positive-control samples (cattle feces from the study area and a human-wastewater sample from the Houlton wastewatertreatment plant). Positive-control DNA samples from the Olentangy Environmental Control Center, Delaware, Ohio (a sewage influent sample for detection of Bac32 4 and humanspecific markers and a sample of cattle feces for detection of Bac32 and ruminant-specific markers) were included with each PCR run. The BST data were used to evaluate contamination patterns in the watershed.
The literature suggests that a mix of at least 100 colonies of Enterococci be tested for the human-associated esp gene (Scott and others, 2005; Whitman and others, 2007) . Among the 22 samples tested, only 12 had Enterococci at sufficient 
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River sampling site densities to obtain more than 100 colonies (table 5) . In eight samples, the number of colonies obtained and tested was between 19 and 80. For one sample , esp marker was not tested because Enterococci were not cultivated from that sample. The human-associated esp gene was not detected in any test sample. The esp marker was detected in the reference feces sample of human origin from the Houlton wastewater-treatment plant (WWTP) (sample 506-04; table 5).
The detection limits of the Bacteroidales-based tests were determined by diluting a positive-control sample with different amounts of molecular-grade water to obtain a series of diminishing concentrations. These dilutions were then tested for the target by the use of PCR. For the general and humanassociated markers, a human septic positive-control sample was tested. For the ruminant-associated markers, the cattle positive-control DNA sample was used.
In each case, the sewage positive-control DNA samples were positive for the presence of the esp gene and for the Bacteroidales-based markers for general fecal contamination (Bac32) and human-origin fecal contamination (HF134 and HF183). In each case, the cattle positive-control DNA samples were positive for the Bacteroidales-based markers for general fecal contamination (Bac32) and ruminant fecal contamination (CF128 and CF193). The DNA concentration in a positive-control septic sample was 3.1 nanograms per microliter (ng/µL); the general marker was detectable down to the 1:3,000 dilution (approximately 1 picograms per microliter [pg/µL]), and the human-associated markers were detectable down to the 1:100 dilution (approximately 30 pg/µL). The concentration of the positive-control ruminant DNA was 4.7 ng/µL; the cattle-associated markers were detectable down to the 1:1,000 dilution (approximately 5 pg/µL).
The positive-control reference human-feces sample (lab ID 506-04) was positive for esp marker, positive for Bacteroidales-based human markers (HF 134 and 183) , positive for the Bacteroidales-based general fecal marker (Bac 32), and faint and negative for Bacteroidales-based ruminant markers (CF 128 and 193, respectively) (table 5) . In this study, low incidence of Enterococci colony formation on mEI agar plates limited the detection of potential human markers in many samples; however, an ample number of Enterococci colonies were obtained from some samples, and a human-associated Bacteroidales marker was detected, but not the esp gene marker. Because the esp gene marker was detected in a Houlton WWTP sample (506-04) but not in the environmental samples, human fecal contamination detected by Bacteroidales markers likely did not come from the WWTP. Human fecal contamination, if present, could come from a small number of people where Bacteroidales markers are not detected. The faint detection of one ruminant marker (CF128) in the human reference sample indicates that either there was a component of ruminant feces in the waste stream from the WWTP, or that there was some cross-reactivity between the ruminant marker and the humanorigin waste sample.
The positive-control reference cattle-feces sample (lab ID 506-02) was negative for the esp marker, negative for the Bacteroidales-based human markers, positive for the Bacteroidales-based general fecal marker, and positive for the Bacteroidales-based ruminant markers. The detections of the ruminant-associated markers CF128 and CF193 indicate that ruminant (cattle) sources contributed fecal contamination. The absence of the ruminant-associated markers, in other samples, has three possible explanations: (1) The absence of ruminant-associated markers could indicate the absence of ruminant-origin fecal contamination; (2) the absence of ruminant-associated markers could also indicate that the concentration of fecal contamination from ruminant sources was lower than the detection limit of the method, or (3) the ruminants in the study area carry the CF128 and CF193 markers at an unusually low rate. The detection of the markers in the positive-control reference sample 506-02 indicates that the gene would be detected if ruminants (cattle) contributed fecal contamination to the sampled waters; therefore, one of the first two scenarios is correct and the third can be ruled out. The ruminant markers were not detected in a negative-control reference sample of horse fecal material .
PCR blanks in each PCR run did not produce any PCR products, indicating a lack of contamination. The negativecontrol reference feces sample (reference horse-feces sample, lab ID 506-03) was negative for the presence of the esp gene and for the Bacteroidales-based markers for human-specific fecal contamination (HF134 and HF183) and ruminantspecific fecal contamination (CF128 and CF193). As would be expected, the negative-control DNA sample (506-01) was positive for Bac32, the Bacteroidales-based marker for general fecal contamination. The absence of marker detections in blank samples indicated that positive responses were not the result of PCR-mix contamination. The detection of markers in PCR positive-control DNA indicated that the markers, if present in environmental samples, would have been detected by the PCR reaction mixes created that day. The absence of detectable DNA (0.06 ng/µL, within detection noise) and marker detections in the field blank (sample 506-01) indicated that the sample was not contaminated during transport and collection.
The detection of the Bac32 marker or HF134 in the matrix spikes indicated that if the Bacteroidales-based targets were present in the DNA extract, then they would have been detected (no matrix inhibition). The esp marker was not tested by matrix spikes in the environmental samples because the no-matrix inhibition had been detected in many previous runs. Matrix inhibition is considered less of an issue for enrichmentculture-based methods because the target is enriched away from inhibitors potentially present in the raw sample.
Among the Bacteroidales-based tests for the general fecal contamination (Bac32 marker), 20 were positive (table 5); most of these samples had excessive Enterococci fecal contamination as indicated by Enterococci densities greater than the USEPA criterion for Enterococci in ). The test sample that was negative (not including the field blank) had the lowest amount of Enterococci contamination. Among the Bacteroidales-based tests for human-associated fecal contamination, eight were positive for HF134, and six were positive for HF183, including the human reference samples (table 5) . Among the Bacteroidales-based tests for ruminantassociated fecal contamination, seven were positive for CF128, including the cattle reference sample; only the cattle reference sample was positive for CF193 (table 5) . Ruminant fecal markers were consistently detected at the Big Brook site. Ruminant markers were also detected in the only samples collected at each of two sites (Meduxnekeag River at Lowery Road (lab ID 363-09) and the unnamed tributary at Lowery Road (lab ID 469-07)), but not in samples collected at the other sites. The Big Brook watershed contains a high proportion of cultivated land and some hay and pasture land ( figs. 1, 3) . More of the land immediately adjacent to Big Brook is classified as cultivated crop land or pasture/hay than the land adjacent to other tributaries to the Meduxnekeag River ( fig. 3 ).
Enterococcus as an Indicator of Fecal Contamination
The detection of the esp marker in Enterococci enrichment cultures may indicate the presence of humanorigin fecal contamination (Scott and others, 2005; Whitman and others, 2007) . This marker was detected in samples from 80 percent of septic systems if the enrichment cultures contained at least 100 Enterococcus colonies per mL (Scott and others, 2005) . In a prior OWML study (Dumouchelle, 2006) , however, the esp marker was not detected in a composite sample from five septic tanks; if Enterococcus contamination is derived from small numbers of individuals, as is often true of samples collected from septic tanks, it may not be detected by this marker. The absence of the esp marker, however, does not necessarily mean that human sources did not contribute fecal contamination. The absence of the esp marker could indicate the absence of human-origin fecal contamination, but it could also indicate that culturable Enterococci from human sources carried the esp marker at a concentration below the detection limit (fewer than 1 in 100 colonies).
The detection of marker Bac32, HF134, and HF183 in a sample indicates fecal contamination but is not necessarily related to the amount of fecal contamination as indicated by fecal-indicator bacteria concentrations; a unit amount of fecal material does not always consist of the same proportions of fecal-indicator bacteria and Bacteroidales carrying the Bac32, HF134, and HF183 marker (Bower and others, 2005) . In this study, nearly every sample had Enterococcal DNA above the estimated detection limit of approximately 0.001 nanograms per liter (ng/L) for general fecal coliform contamination. The Bac32 marker was detected in every sample except the field blank. Some of the DNA extracted may have been of nonfecal origin. The detection of the HF134 and HF183 markers in the positive-control sample from the Houlton WWTP reference sample (506-04) indicates that the gene would be detected if humans contributed fecal contamination to the sampled waters; therefore, one of the first two scenarios above is correct and the third can be ruled out.
In this study, human fecal coliform contamination was detected fairly consistently at sites 1WAT and 1RIV, and in one sample from the Moose Brook site. Human fecal coliform markers were not detected at any other sites. This result shows that detection of human-associated markers was not necessarily related to high Enterococcus concentrations. Samples 363-03 and 363-06 had high Enterococcus concentrations but no detection of human-associated markers. Human-associated markers were detected in samples with ample fecal coliform contamination, indicated by high Enterococcus densities, with the exception of two samples collected at 1WAT (397-03 and 469-09). The concentration of total DNA in these two samples was low and associated with low FIB densities, yet human-associated markers were detected (table 5) . On the basis of the estimated detection limit of the method, most of the DNA extracted from these samples likely was of human origin; thus, human waste appears to have been a major contributor of fecal contamination in this reach of the stream.
Factors Associated with Distribution of Fecal Contamination
Detections of fecal coliform bacteria tended to cluster first by site and then by date. The number of fecal coliform colony-forming units (CFUs) was consistently highest in samples collected from 1WAT and 1RIV (surface drains in the Houlton urban area). Samples from B Stream, Pearce Brook, and Big Brook contained fewer fecal coliform CFUs than samples collected from 1WAT and 1RIV, but more than samples collected from other tributaries or the main stem (table 5) . For all sites (on tributaries, the main stem, and drains) with the exception of Big Brook and 1WAT, the density of fecal coliform CFUs detected during sampling for microbial sources was highest on July 13, 2005 and, except for 1WAT and 1RIV, substantially higher than the densities recorded for the other three sampling dates of June 22, 2005 , August 9, 2005 , and September 14, 2005 . The July, 13, 2005, sampling date was the only one after more than 0.10 in. of rain during the preceding four days. A total of 0.87 in. of rain was recorded in Houlton during the four days before sampling, 0.58 in. of which fell during the two days before sampling (table 6). Contamination is apparently localized under normal flow conditions, with the highest levels restricted to drains in urban areas and to a lesser extent the tributaries B Stream, Pearce Brook, and Big Brook. Contamination was more widespread on July 13, 2005, following the storms in mid-July; these results indicate that storm runoff likely contributed fecal coliform contamination over a wider area than under conditions of lower flow. The detection of the general fecal contamination marker Bac32 confirmed the results observed for densities of fecal coliform bacteria CFUs, where detections tended to cluster first by site and then by date (table 5) . Contamination, as indicated by detection of Bac32, is also apparently localized under normal flow conditions with the highest frequency of hits restricted to drains in urban areas and to a lesser extent the tributaries B Stream, Pearce Brook, and Big Brook. Contamination was more widespread on July 13, 2005, following the storms in mid-July, again supporting the notion that storm runoff likely contributed fecal coliform contamination over a wider area than under conditions of lower flow.
Summary
The U.S. Geological Survey, in cooperation with the Houlton Band of Maliseet Indians (HBMI), assessed samples from the Meduxnekeag River in northeastern Maine in 2005 to investigate potential sources of contamination from fecal coliform bacteria. Concentration and distribution data collected by the HBMI on fecal coliform bacteria indicated that bacterial contamination enters the Meduxnekeag River from multiple paths, including tributaries and surface drains (ditches) in developed areas in Houlton, Maine. Bacterial contamination is most closely associated with increasing development and is lowest in the upper reaches of forested watersheds. Bacteroidales-based tests for the general fecal-contamination marker (Bac32) were largely positive and indicated excessive fecal coliform contamination by Enterococci. Of the 22 Bacteroidales-based tests for humanassociated fecal contamination, 8 were positive. Of the 22 Bacteroidales-based tests for ruminant-associated fecal contamination, 7 were positive. Contamination by fecal coliform bacteria is apparently localized under normal flow conditions with the highest levels restricted to drains in urban areas and, to a lesser extent, the tributaries B Stream, Pearce Brook, and Big Brook. More widespread contamination on July 13, 2005, following storms in mid-July of that year indicated that storm runoff likely mobilized fecal coliform bacteria in more locations than under conditions of lower flow. Deoxyribonucleic acid (DNA) extracted from one of the surface drains in the Houlton urban area indicated that DNA was of human fecal origin; this result provided evidence that human waste was a major contributor of fecal contamination in this stream.
Coliphage were enumerated as an alternate indicator of fecal contamination with the intent of typing the virus into host-associated classes (human or ruminant), as was done for Enterococci; however, insufficient coliphage were isolated to provide more than preliminary indications. Analysis of DNA from limited sample material indicated the likely presence of the human-associated marker HF134 only in the reference sample of human feces from the Houlton wastewater-treatment plant (WWTP) and in samples from surface drains (1WAT, 1RIV) and Moose Brook. The human-associated marker HF183 was also detected in the reference sample of human feces from the Houlton WWTP and in samples from the 1WAT and 1RIV sites. The ruminant-associated marker CF128 was detected in samples collected from the unnamed tributary to the Meduxnekeag River at Lowery Road, the Meduxnekeag River at Lowery Road, Big Brook, and in the cattle feces reference sample (506-02). The CF193 ruminant marker was detected only in the cattle reference sample (506-02). In spite of low coliphage enumeration, these preliminary results strengthen the conclusion that the Enterococci data correctly indicated the samples that contained human and ruminant fecal contamination.
